In a conventional gas turbine setup, a majority of the output power (more than 60%) from the turbine is spent as compressor work. In order to increase the effective output power of the system, it is necessary to cut down the input power requirement of the compressor. In industries techniques such as 'Wet Compression'are employed to achieve this reduction.The process takes advantage of the high enthalpy of vaporization of water droplets to achieve reduction in the overall temperature of the compressed medium. It is established that the thermodynamic work required for the compression of a fluid increases monotonically with the increase in fluid temperature. In wet compression process, during the compression of the fluid (i.e. air), fine droplets of water are injected into the medium. The droplets absorb heat from the surrounding medium and start evaporating; thereby reducing the temperature of air which in turn decreases the compressor work. In addition to this the mass flow rate of the fuel required by the gas turbine system increases in order to maintain its oxidizer-fuel (O/F) ratio, thereby generating extra power output. To study the fundamental thermodynamic process behind wet compression, a cylinder-piston system containing fine droplets of water suspended in air is considered. The axial inward movement of piston enables compression of the fluid mixture. Properties such as pressure, temperature and relative humidity of compressed air are studied in detail for different parameters such as compression rates, droplet diameter and droplet mass. Thermodynamic curves are generated and power savings achieved via wet compression process are calculated. From the results it is seen that smaller sized droplets, slower speeds of compression and higher percentages of overspray lead towards a higher reduction in compressor work.
Intermediate saturated vapor region
INTRODUCTION
Gas turbines are nowadays extensively used for electric power generation in gas fueled power plants. In a standard gas turbine cycle more than 60% of the output power from the turbine is utilized in running the compressor (Jansohn, 2013) to maintain the cycle. Thus it becomes imperative that the compressor work be minimized in order to increase the useful power output. It is known that this power requirement of the compressor monotonously increases with the increase in temperature of the working fluid (air) inside the compressor. So in order to achieve the reduction in compressor work and maximize the utilizable power output, various techniques involving temperature reduction of working fluid are employed in the industry. Inter cooling between compressor stages is one such method used. But this method may lead to the overall decrease in the cycle efficiency (Zheng et al., 2003) . Inlet fogging is another widely used process to achieve compressor work reduction. Here fine water droplets are injected before the air enters the compressor inlet. The water droplets evaporate by absorbing heat from the surrounding air and thus reduce the fluid temperature just before the compressor inlet. Bhargava and Meher Homji (2005) and Chaker et al. (2004) carried out theoretical and analytical studies of the inlet fogging systems. Suryan et al. (2010a Suryan et al. ( & 2011 conducted experiments with different types of nozzles for an inlet fogging system. They also studied the droplet behavior and erosion of compression intake ducts (Suryan et al., 2010b) . The present study concentrates on another technique similar to inlet fogging known as Wet Compression. In wet compression process fine droplets of water are injected inside the compressor stage and they are compressed alongside the air. Similar to inlet fogging albeit at a much higher rate, water droplets evaporate and cause a significant reduction in working fluid temperature as compared to inlet fogging. This process therefore results in significant reduction in compression work. Zhang et al. (2003) conducted a thermodynamic study of wet compression process for both isentropic as well as for polytropic cases. They assumed a linearly varying evaporation rate with temperature for their study. White and Meacock (2004) presented a model which investigated the thermodynamic and aerodynamic aspects of wet compression. Kim et al. (2011) presented a polytropic model and investigated the transient behavior of system parameters such as droplet mass, operating fluid temperature etc. Barabas et al. (2012) conducted experimental investigations of the injection of droplets into a hot gas flow at elevated temperature and pressure levels which are similar to the conditions found in the rear of compressor stages. They mainly studied the droplets' behavior and distribution and compared the experimental results with an extended 1D evaporation model of Abramazon and Sirignano (1989) . The present investigation delves into the fundamental physics behind the compression process of water droplets suspended in a compressing medium. A piston-cylinder system containing water droplets suspended in air is modeled as a simple representation of a wet compression system. The wet compression process is achieved by the inward axial motion of the piston. The physics behind single phase compression is well defined. But in case of wet compression process the actual compression process deviates from the conventional single phase compression due to the release of latent heat by the water droplets. The present work performs an analytical study of such a two phase wet compression process.
ANALYTICAL MODEL
The thermodynamic evaporation model used for the present investigation is based on the diffusion evaporation model of Spalding (1979) . The simplified piston-cylinder wet compression system is shown in Figure 1(a) . In an actual wet compression system the whole compression process may be regarded to have occurred in two stages-a constant volume isochoric process which simulate the moments just after the droplets injection into the compressor stage and just before the actual compression, followed by the actual compression process. During the isochoric evaporation of droplets, the initial conditions of temperature, pressure and humidity of the working fluid for the actual compression process is altered. The water droplets tend to achieve equilibrium with the surrounding air during this isochoric process. The diffusion evaporation model used in this study assumes the water droplets to be spherical and mono dispersed inside the given volume of air. Figure 1(b) shows the evaporation regions considered for a single water droplet. The water droplets evaporate by conducting heat from the surrounding air as well as due to the latent heat rise. The water droplets absorb heat from the surroundings and the water molecules from the surface of the droplet moves in an immediate saturated region just outside the droplet. Following which the saturated region loses those water molecules into the ambient by the process of diffusion. The wet compression process is initiated by the axial motion of the piston. The incremental change in volume of the cylinder is given by
Antoine equation is used to calculate the saturated vapor pressure for the given air temperature
This same equation is employed to calculate the pressure at the saturated region near the droplet surface which corresponds to the droplet temperature. The Spalding equation for evaporation of droplets is given by
The evaporation rate for the spherical droplets can then be calculated as
The vapor mass flux away from the droplet is calculated using Spalding's methodology by
The heat flux flowing into the droplet from the working fluid through conduction is calculated as
The total amount of heat supplied to all droplets by the surrounding air through conduction is given by
The specific latent heat is given by McBride et al. (2002) 
Total latent heat generated is calculated by
Specific gas constant and specific heat of moist air is given by
Using energy balance the updated droplet temperature for the following time step can be calculated
Specific work done on the piston cylinder during compression process is given by
During the compression of gas inside the cylinder, work is performed on the gas. This will in turn will contribute towards the increase in temperature of gas inside the cylinder. The polytropic index is given by
Finally updated volume, pressure and temperature of air can be calculated using
Although the above equations are used in the wet compression process of monodispersed droplets, these equations can easily be extended to include polydispersed droplets.
RESULTS
A computer code is written using the analytical model described in the previous section. Thermodynamic curves are generated for different properties. A cylindrical domain of 2.5 mm diameter by 2.5 mm height is considered for the present investigation.
Validation of Analytical Model
The analytical model is validated using D-square law of evaporation. The law states that for an evaporating droplet in a steady quiescent atmosphere, the square of the droplet diameter decreases linearly with time. Ambient air at three different temperatures of 300K, 400K and 500K are considered. The initial droplet temperature is taken as 300K for all the three cases. Figure 2(a) shows the variation of the square of diameter of droplets with respect to time. The droplets are allowed to evaporate completely. During the initial few time steps a transience in evaporation is observed for all the three cases. At the beginning during the evaporation process, droplets lose water irrespective of whether or not it achieves equilibrium with the surrounding. This leads to the transience which is observed till the equilibrium is established. Experimental results from Ranz and Marshall (1952) are used to validate the model further. Figure 2(b) shows the comparison of the analytical and experimental results.
Parametric Studies
Thermodynamic curves were generated to study the effect of four different parameters-droplet diameter, starting relative humidity, percentage overspray and compression rates. Starting temperatures of air as well as the water droplets are maintained at 300K for all the aforementioned cases. A compression time of 0.015 sec, which corresponds to a compression speed of 125 mm/s for the present geometry, is considered for the first three parametric studies. This time interval is considered in order to correlate with a practical compressor of a modern gas turbine, where the compression cycle will be finished within a similar time frame. Figures 3-4 show the effect of droplet diameter on the wet compression process. Three different diameters of 10µm, 30µm and 50µm at a fixed overspray of 2.5% are investigated for this study. Overspray may be defined as the mass of water above what is required to fully saturate the given mass of air expressed in terms of percentage mass of given quantity of air. From Figures 3(a) and 3(b) it can be seen that for the same fixed overspray, smaller diameter of droplets show higher deviation from the dry air curve. Smaller droplets correspond to an increase in the surface area available for evaporation for the same mass of water. This in turn increases the mass of water evaporated which leads to higher reduction in temperature of the operating fluid. Figure 4 (a) shows the variation of relative humidity for all the three droplet sizes. Higher values of relative humidity are noted for smaller diameter droplets due to the increased amount of water being evaporated. Figure 4(b) shows the variation of entropy of gas mixture with temperature. It can be seen that smaller diameter droplets show the maximum deviation from dry air curve which means more compressor work is saved. Figures 5-6 show the influence of the initial relative humidity on the wet compression process. Three cases of ambient air are considered before the actual injection of water droplets -0% (dry), 50% (partially saturated) and 99% (near saturation). 10µm droplets at 2.5% overspray are injected inside the cylinder. From Figures 5(a) and 5(b) it is seen that all the three cases show almost no deviation from each other. 0% initial relative humidity case shows higher deviation compared to the other two cases. This is because lower initial relative humidity corresponds to higher capacity of air to accept water molecules from the droplets. This in turn corresponds to higher evaporation, hence more deviation from dry air compression. From Figure 6 (a) it can be seen that although the initial values of relative humidity varies considerably for the three cases, by the end of the process they converge to almost a similar value. Figure 6(b) shows the difference in the entropy rise of gas phase with respect to temperature. It is seen that there is minimal variation in entropy rise between the three cases. The total amount of water evaporated in this case does not vary much since the deviation in temperature and pressure is mainly driven by the enthalpy of vaporization. Figures 7-8 show the thermodynamic curves generated for various percentage overspray. The droplet diameter is fixed at 10µm with the percentage overspray values of 0% (fully saturated), 2.5% and 5% are considered. From Figures 7(a) and 7(b) it is seen that higher overspray percentages shows higher deviation from the dry air curve. Higher overspray corresponds to higher mass of water available for evaporation hence higher reduction in operating temperature. Figure 8(a) shows the variation of relative humidity for the three percentage overspray cases. From the figure it is seen that the maximum value of relative humidity is around 55% even though the amount of water injected is much more that what is required for fully saturating the given mass of air. In actual wet compression systems, the rotating compressor blades cause higher rates of evaporation in the water droplets due to convection effects. The present model therefore actually under predicts the change in relative humidity. Figure 8(b) shows the variation of gas phase entropy change with respect to temperature. It is seen that higher percentage overspray case shows higher deviation from the dry air entropy curve, thus saving higher amount of compressor work. Figures 9-10 shows the effect of compression speed on the wet compression process. Thermodynamic curves are generated for three compression speeds-12.5 mm/s (slow), 125 mm/s (normal) and 1250 mm/s (high). 10µm droplets at 2.5% overspray are considered for this study. From Figures 9(a) and 9(b) it is seen that slowest piston speed case show maximum deviation from the dry air curve. This is due to increased amount of time that is available for the water droplets to vaporize which leads to higher mass of water being evaporated. Figure 10(a) shows the variation of relative humidity for all the three cases of compression speed. It is seen that the speed of compression strongly influence the relative humidity of the vapor mixture. When the compression speed is reduced by an order of magnitude the relative humidity is increased nearly by an order. It can also be noted that for the case of slow compression speed, the initial relative humidity initially increases to a maximum value and then it decreases. This can be explained as follows-Relative humidity can be defined as the ratio of the vapor pressure to the saturated vapor pressure for the given amount of air. During compression both vapor pressure and saturated vapor pressure value increases. At the beginning of the compression process for slow speed case, the degree of increase in vapor pressure is more compared to that of saturated vapor pressure. Thus we see an overall increase in relative humidity till a maximum value after which it gets reversed and the relative humidity starts to decrease to a lower value. Figure 10 (b) shows the gas phase entropy change with respect to temperature for all the three cases. From the figure it can be noted that slower compression leads to a higher drop in entropy, which leads to better compressor work savings. Tables 1-4 shows the compressor work savings for the four cases discussed above. The ratio of wet compression work to the dry compression work is shown in tables for all cases discussed. CONCLUSIONS A fundamental analytical study on the wet compression process is carried out. The analytical model is validated using both D square law as well as using experimental values. A parametric study on the influence of four different parameters namely droplet diameter, initial relative humidity, overspray percentages and compression speed, on the wet compression process is also carried out. The following conclusions are drawn from the studya) During the wet compression process, water droplets suspended in the air absorb heat from the compressing medium and vaporize. This reduces the operating temperature and hence the power requirement of the compressor. b) Smaller diameter droplets, slower compression speed and higher percentage overspray show higher compressor work savings because of the increase in the evaporated mass of water which reduces the working fluid temperature. c) Initial relative humidity has little to no effect on the pressure and temperature drop during the wet compression process.
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From the results it can be concluded that higher compressor performance may be achieved via increase in mass of water droplets or in other words, higher overspray percentages. But there are some practical limitations to this. Increased overspray percentages can lead to erosion in compressor blades and also in addition to this it should be noted that absolute control over droplet sizes as well as compression speeds are practically impossible.
Although the results obtained from the study are applied to a simple piston cylinder system, the fundamental principles driving the design of this arrangement as well as the practical wet compression system is similar. Therefore the results obtained here can be used to achieve a general understanding of the principles behind the design of a practical wet compression system.
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